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Abstract. The eﬀect of pipe ﬁttings (mainly T-pieces) on particle accumulation in drinking water distribution
networks were shown in this work. The online measurements of ﬂow and turbidity for cast iron, polyethylene
and polyvinyl chloride pipe sections were linked with analysis of pipe geometry. Up to 0.29kg of the total
amount mobilized in T-pieces ranging from DN 100/100–DN 250/250. The accumulated amount of particles
inﬁttingswasdeﬁnedas J andintroducedintotheexistingturbiditymodelPODDS(predictionofdiscoloration
in distribution systems) proposed by Boxall et al. (2001) which describes the erosion of particles leading to
discoloration events in drinking water network viz sections of straight pipes. However, this work does not
interpret mobilization of particles in pipe ﬁttings which have been considered in this article. T-pieces were the
object of this study and depending of the diameter or daily ﬂow velocity, the coeﬃcient J varied from 1.16 to
8.02. The study showed that pipe ﬁttings act as catchment areas for particle accumulation in drinking water
networks.
1 Introduction
The accumulation of particles in drinking water distribution
networks is commonly observed. A considerable number of
studies have been done on explaining fundamentals of pro-
cesses (van Thienen et al., 2011a; Boxall et al., 2003), a
mathematical description (Ryan et al., 2008; Boxall et al.,
2001) and management advices (Vreeburg et al., 2004; Mat-
suiet al.,2007;Saldarriagaet al.,2010;Husband etal.,2010)
regarding water discoloration in a water supply network has
been achieved.
A detailed work (Ryan et al., 2008) was carried out in or-
der to explain the mechanisms responsible for particle ac-
cumulation in drinking water networks. However, in the pro-
posed particle sediment model (PSM) only the mechanism of
gravitational force of particles where the threshold value for
deposition is set as 0.07ms−1 and for resuspension 0.2ms−1
(in 100mm pipe) was included. As a second mechanism, the
deposition of particles on the pipe walls was described (Ryan
et al., 2008), which could aﬀect the deposition by the van
der Walls forces which are known to be weak; in this case
the small distance between the particles and pipe surface is
important. Fick’s law was used to describe diﬀusion of parti-
cles from bulk ﬂow to pipe wall. Although this mechanism
was not included in the model, from the experimental re-
sults it was apparent that the particles (speciﬁc gravity 1.64)
precipitated better on polyvinyl chloride (PVC) than on ce-
ment lined metal pipe. The concentration of particles on PVC
pipe wall is more sensitive to ﬂow velocity, which do not in-
clude region of gravitational settling (0.07–0.3ms−1) (Ryan
et al., 2008). The amount of particles deposited on the wall
of the PVC pipes was shown to be larger than the amount
deposited on the wall of the cement lined metal pipes, for
the same working conditions (velocity, initial concentration).
Although the lab-scale experiments were done in pipe loop
(length=41m) consisting of four 90◦ bends, there was no
information on any inﬂuence of loop geometry on the accu-
mulation results (Ryan et al., 2008).
The application of the stochastic water demand model
SIMDEUM (SIMulation of Demand, an End-Use Model) to-
gether with turbidity measurements from a uni-directional
ﬂushing (UDF) program showed that maximum daily veloc-
ities in range 0.05–0.1ms−1 give the highest concentrations
of particles in a network (Blokker et al., 2010). While it has
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been concluded that maximum daily velocity is not the only
parameter responsible for particle accumulation, the role of
radial transport processes can be explained by, for example,
turbophoresis and turbulent diﬀusion, which was based on
the laboratory-scale experiments (van Thienen et al., 2011b)
in which the deposition of particles on the entire wall circum-
ference at velocity 0.14ms−1 with particles of speciﬁc grav-
ity 1.2 was demonstrated. To describe these processes the vir-
tual mass eﬀect which refers to inertia of particles in water
together with the Magnus and the Saﬀman forces, which de-
scribe the rotation of a particle in water, was discussed re-
garding the particle accumulation process in pipe sections.
The authors have not taken a closer look at the geometry;
remarked that the internal irregularities in the distribution
pipe system may be catchment areas for particles. It should
be noted that particles from wash-out during ﬁrst ﬂushing
turnover mobilized along the entire pipe length can be called
locally settled sediments (LSS) (Blokker et al., 2010).
Boxall et al. (2001), Boxall and Saul (2005) proposed
the PODDS (prediction of discolouration in distribution
systems) model by involving the term “cohesive transport
model” where discoloration material is assumed to be ho-
mogenously distributed around the pipes circumference in
cohesive layers of particulate matter. The layer strength is a
function of the maximum daily shear stress. Material erosion
and regeneration processes can be modelled through calibra-
tion. Proposed empirical equations for the description of ero-
sion have been veriﬁed in lab-scale polyethylene (PE) pipe
loop (length=600m) with an elliptical form (Husband et al.,
2008), and in both plastic and rough corroded metal pipes
with diﬀerent diameters in ﬁeld conditions (Husband and
Boxall, 2010). The shear stress and subsequent erosion of
particles increased with the ﬂow. It is considered that the ac-
cumulation of particles occurs in layers around the complete
pipe circumference which is conditioned via daily hydraulic
ﬂow. The accumulation mechanisms via corrosion (direct)
and the background concentration of material from upstream
or the treatment plant (indirect) have been discussed (Hus-
band and Boxall, 2010). The origin of the particles in distri-
bution network is has been widely described (Gauthier et al.,
1999; Verberk et al., 2006; Husband et al., 2008; Vreeburg,
2007; Vreeburg et al., 2008); although , this is not the sub-
ject of the current paper. There is some criticism expressed
towards the PODDS model, e.g. that (1) the formulations of
the equations which predict the accumulation rate of parti-
cles should be subordinated to the fundamental laws (van
Thienen et al., 2011a) and (2) the parameter that the rate
of change of the velocity or, subsequently, unsteady shear
stress is applied during the early stage of hydraulic transient
event (e.g. fast valve opening/closing) plays a signiﬁcant role
for the ﬁrst seconds of erosion of the particles (Aisopou et
al., 2010). It should be mentioned that PODDS supports the
cohesive layer assumptions in the approach considering the
entire pipe length irrespective of the topographical features,
while afterwards, some irregularities in washed out particle
concentration obtained during the trunk main ﬂushing within
section consisting of four 90◦ bends and depressions in the
pipe topography have been noted (Husband et al., 2010).
The particle accumulation and the subsequent erosion
within the drinking water pipe networks has been broadly de-
scribed within the past few years. However, there is a lack of
information regarding the particle concentration in locations
where water ﬂow changes due to geometry of conventional
ﬁttings (T-pieces, valves, bends etc.). In a recent study, we re-
ported the analysis of detailed pipe geometry (topology) and
online turbidity curves obtained from particle erosion during
UDF via one and two hydrants simultaneously, and demon-
strated that these spikes corresponded to location of network
ﬁttings (Rubulis and Neilands, 2010).
In this work the inﬂuence of pipe geometry in accumula-
tion process of particles in drinking water distribution net-
works has been investigated. The major objectives of this
study were to (1) analyze UDF data from ﬁeld events with
diﬀerent diameter T-pieces and other ﬁttings; (2) link UDF
data (shear stress, turbidity and mass) with equations of
PODDS by using MS Excel to model the erosion of parti-
cles; (3) explain the ﬁeld measurements using an approach
from tracer studies regarding the particle transport in other
industrial applications.
2 Materials and methods
2.1 Description of study site
The UDF operation was performed in a town with population
of about 9000 inhabitants. The overall network consists of
13km of cast iron (CI) material, of 4km of PVC and 3km of
polyethylene (PE) pipes (Fig. 1).
The CI pipes were mainly constructed between the years
1970–1990, while PVC and PE pipes were built during the
years 2000–2011. For the supply of drinking water networks
the treatment with aeration followed by rapid sand ﬁltration
of 700m3 day−1 has been applied. The water quality outlet
of the plant from the grab sample program summarized in
Table 1 is characteristic of corrosive water with a high salt
concentration. Neilands et al. (2009) proved that the appli-
cation of the online monitoring system reveals the problems
with the particle load in the network due to a deﬁcient oper-
ation of rapid sand ﬁlters during the ﬂushing process in the
morning hours (Fig. 2).
The network had not been ﬂushed before. The accumula-
tion of sediments in the network was assessed with the resus-
pension potential method (RPM) proposed by Vreeburg et
al. (2004) which revealed considerable risk of discoloration
(Table 2).
2.2 Experimental design of ﬁeld measurements
In general, the online turbidity data from UDF were linked
with a careful analysis of technical drawings of each ﬂushed
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Figure 1. The diagram of drinking water network indicating numerated circles for locations of  3 
resuspension potential method. Flushing sections are indicated with a dashed line. CI pipes  4 
are shown in blue, the PVC pipes are shown in orange and the PE pipes are shown in green .   5 
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Figure 1. The diagram of the drinking water network indicating numerated circles for locations of resuspension potential method. Flushing
sections are indicated with a dashed line. CI pipes are shown in blue, the PVC pipes are shown in orange and the PE pipes are shown in
green.
Table 1. The water quality in water works (treatment plants). The
average results with standard deviations and coeﬃcient of variation
(in brackets) are shown.
Parameter, units Average results
Conductivity, µScm−1 739±16(20)
pH 6.97±0.38(18)
Iron (Fe tot), mgl−1 0.05±0.02(4)
Iron (FeII), mgl−1 0.01±0.01(4)
Turbidity, NTU 0.344±0.32(94)
Chlorine (tot) mgl−1 0.038±0.033(17)
Chlorine (free), mgl−1 0.012±0.021(8)
Langelier Index −1.23
Red-ox, mV 204±10(17)
pipe section while paying particular attention to the loca-
tion of the ﬁtting. In total, 67 isolated pipe sections were
ﬂushed. The turbidity data during the ﬂushing process were
recorded for at least every minute (in several cases even
5s)usingcalibratedonlinephotometerULTRATURBplus™
equipped with a controller sc 100™ (Dr. Bruno Lange
GmbH&Co, D¨ usselfdorf, Germany) installed into a ﬂushing
vehicle equipped with a manometer and the Siemens Sitrans
FM MAG 8000 online ﬂow meter (Siemens Energy & Au-
tomation Inc., Germany). The standard deviation for mea-
surements was ±30s, depending on how fast the necessary
ﬂow rate was reached during the opening of the ﬁre hydrant.
Mechanical cleaning of the measuring chamber in addition
to the automatic cleaning of the measuring chamber of UL-
TRATURB plus™ was routinely performed.
The clear PVC pipe segment (inner Ø75mm) in the ﬂush-
ing vehicle was connected with a 1m long ﬁre hose (in-
ner Ø75mm), which was connected directly to the stand-
pipe of the hydrant. The construction of the ﬂushing vehicle
was done assuming that the water ﬂow from the standpipe
would have the shortest possible path till the online turbid-
ity meter. The online turbidity measurements during UDF
werecontrolledwithsimultaneousturbiditymeasurementsin
grabsamplesperformedwithaportablemanualturbidityme-
ter Hach 2100P (Dr. Bruno Lange GmbH&Co, D¨ usselfdorf,
Germany). This was done in a synchronized manner with all
the measuring equipment at the start of the ﬂushing.
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Figure 2. The online measurements of turbidity in the outlet of the WTP of the distribution network before and after the repair of the rapid
sand ﬁlters. Values on the top of ﬁgure show the peaks of turbidity. Modiﬁed from Neilands et al. (2009).
Table 2. The results of RPM ranking measured with Ultraturb™
equipment in the ﬁeld study place (Fig. 1).
Nr. Diameter Material Section RPM Average
length turbidity
(mm) (m) (NTU)
1 100 PVC 326 14 114.6
2 150 CI 326 14 36.0
3 150 CI 397 7 6.9
4 150 CI 423 5 3.8
5 150 CI 401 10 10.7
6 200 PE 324 15 105.8
7 100/200 PVC/CI 456 6 6.8
2.3 Hydraulic model
The pipe hydraulic model (1073 pipes and 986 nodes) was
built up using the EPANET 2.0 system (Rossman, 2000)
and the hydraulic head loss was calculated with the Darcy-
Weisbach equation and top-down demand approach. The
time step for the hydraulic head loss calculation was set to
1s. The node demands were collected from a 6 month data
survey for every connection. The daily patterns of consump-
tionforinhabitantswassetto630m3 day−1.Thedailypattern
for companies and municipal organizations were set accord-
ing to the information from the municipality of registered
drinking water consumptions. There were two organizations
in municipality, working constantly day and night, but the
total amount of water consumption is only about 0.5m3 h−1,
thus, they did not inﬂuence the data generated by the model.
The veriﬁcation of water residence time was conducted by
tracer studies (Fig. 3) since each well in the water treatment
plant had a diﬀerent electric conductivity (EC) in the range
of 500–900µScm−1 (25 ◦C).
All ﬁeld measurements were recorded for several hours
and were made from hydrants or at the taps in the build-
ings belonging to the drinking water supplier. For the ﬁeld
measurements, online instruments 3400sc™ with controller
sc 100™ (Dr. Bruno Lange GmbH&Co, D¨ usselfdorf, Ger-
many) and condu::lyser™ with controller con::stat™ (s::can
Meßtechnik GmbH, Vienna, Austria) supplemented with
portable manual EC meter Cond 315i, (WTW, Germany)
were used. The results of model veriﬁcation are not shown
in this study.
2.4 Analysis of turbidity curves
In order to generalize the trends of particle erosion ob-
served during ﬁeld experiments/UDF the following assump-
tions were made:
1. The hydraulic circumstances of the particle disturbance
were based on the assumption that the accumulated par-
ticles erode and are transported by a plug ﬂow. The dis-
tance (L, m) from hydrant outlet to location where ero-
sion of particles starts was calculated with the formula
below:
L =
4·Q·t
π·D2 (1)
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Figure 3. Measured (green squares) and modeled (red line) con-
centrations of the tracer near RPM measurement location No. 3 (see
Fig. 1).
where t is time (s), Q – ﬂushing ﬂow [m3 s−1] and D
– diameter of pipe [m]. The same assumption has been
used previously and in addition a term “locally settled
sediment” (LSS) has been introduced (Blokker et al.,
2010).
2. By using the principle of back-tracing, the location in
networks corresponding to the spikes of 30NTU and
26NTU in Fig. 4 were found using Eq. (1) and an esti-
mates of ﬂow.
3. The maximum value (30NTU and 26NTU) of each
spike was divided by the turbidity value just be-
fore spike, which means the average turbidity in
straight section is (17NTU of turbidity from beginning)
Turbmax/Turbf = J coeﬃcient. This value was used for
the calculation of next peak magnitude, in case the up-
ﬂow had some other ﬁttings. Hence, a comparison of
the diﬀerence between the particles originating from a
linear pipe section and the particles which accumulated
in the ﬁttings could be compared. If a section is without
ﬁtting, spike, which comes with clear front (turnover),
is not considered. As many data as possible are needed
tocreateadatabaseforseveralsituations,accordingthe-
oretical mass-balance from a treatment station.
A large number of data from ﬂushing studies is needed to
calculate a ﬁtting coeﬃcient for various conditions in order
to predict the fouling of pipes with particles at the locations
of T-pieces and valves.
2.5 Modeling of particle erosion in drinking water
network including ﬁttings
The stability of deposit layers is, according to the PODDS
model, based on the hydraulically induced shear of the bulk
water on the deposit surfaces. The daily maximum occurring
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Figure  4.  The  turbidity  pattern  from  UDF  and  schematic  (graphical)  representation  for  3 
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before 
spike=17 
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Max=30NTU → J coef.=30/17=1.76 
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Figure 4. The turbidity pattern from UDF and schematic (graphi-
cal) representation for obtaining the algorithm for the J coeﬃcient
for a certain location.
hydraulic wall shear stress is equivalent to the minimal shear
stability of deposits according to a validated hydraulic model
in the conditions of the maximum consumption of water per
day; the maximal shear stress to pipe walls is calculated as
follows:
τ = ρg
D
4
·l (2)
where τ is boundary shear stress (Nm−2 m−1), ρ – density of
water(kgm−3),g–gravityacceleration(ms−2), D–diameter
of pipe (m), l =dimensionless energy gradient.
The turbidity curve predictions were calculated in a cre-
ated algorithm (MS Excel). Using the PODDS model and
substituting the equations therein, the output turbidity is
equal to
∆Cc(t = 1) = Pn
(ta−ts) ·2πrL (3a)
⎟ ⎟
⎞ ⎛ × × nt R
t
              
⎠
⎜ ⎜ Δ
− × = Δ = ≥ Δ
max
link
c c 1 ) 1 ( ) 2 (
C
t
C t C
1 
2 
3 
4 
          
⎝ (3b) 
NTU value at previous time 
  Decrease term 
  2
(3b)
where ∆Cc is the turbidity value at the current time at the
ﬂushing outlet. At time t = 1 turbidity will have the maxi-
mum possible peak value for corresponding layer strength
followed by gradual decrease of maximal peak value at t ≥ 2
and so on. Character ∆t is the value of the time step in sec-
onds, P – gradient term (NTUm−2), n – power term (–), ta
– applied shear stress (NTUm−2), ts – current layer strength
(NTUm−2), r – radius of a pipe (m), L – length of a ling
(m), nt is number of current time step, Rlink is output peak
turbidity for the corresponding link, NTUtotal is the total ac-
cumulated mass following a ﬂushing event.
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To predict the erosion of particles and obtain the character
of the turbidity curve, the following equation was used:
∆N = R×As (4)
where ∆N is the increase or decrease of turbidity (NTU), R
is the rate of supply (NTUm−2), As is the pipe surface area
(m2).
Turbidity peak for plug ﬂow will occur at some (current)
time C, after which it will gradually decrease, described by
NTU decrease term. The maximum peak value was calcu-
lated from the diﬀerence of the standard maximum veloci-
ties (hourly and ﬂushing), in terms of corresponding shear
stresses regardless of the mass accumulated in pipe. The to-
tal accumulated mass was used to calculate the total turbid-
ity mass via linear daily shear stress–turbidity relationship,
NTUm3 = −475000τdaily+529000. Because of the total tur-
bidity dimensions, the obtained value should be multiplied
by the number of cubic meters in the pipe to obtain the to-
tal link turbidity and its maximal peak value. The magnitude
rate of decrease depends on the coeﬃcient: P and exponent
n (variables in our case P = 0.1 and n = 0.5) in the rate of
supply from the layer calculations:
R = P(τﬂush −τdaily)n. (5)
Weak layers (according to shear stress stability) can store
more turbidity units than strong layers. This means that pipes
with a low ﬂow rate have a higher potential of turbidity ac-
cumulation and the same factor is referable to the ﬁttings.
By generalizing the PODDS model, it can be said that in the
conditions of a constant ﬂushing ﬂow and a constant shear
stress, the output turbidity will have only one peak without
considering the local turbulence in the ﬁttings. As it was ob-
served from the case study, after the ﬁrst turbidity peak a
second or third peak may follow, which often are higher than
the ﬁrst one. It was calculated that time of all the next peaks
mainly conform to the time it takes the plug ﬂow to travel
from the ﬁtting of a downstream pipe. Thus, in this study we
have applied an additional term to the aforementioned tur-
bidity equation in order to account for all peaks representing
the downstream ﬁttings.
Turbidity (t ≥ 2) = NTU(t = 1)×
 
1−
R×t
NTUtotal
!
+NTUf × J ×
 
1−
R×t
(Q×t×NTU×TSS×10−6)
!
|                                                        {z                                                        }
(6)
Additional term describing the impact of a junction
where
NTU(t = 1) = R×As
NTUtotal =Cmax/(πr2L)
NTUf = NTUtotal/t
t is time (in seconds), R – rate of supply (NTUm−2), As –
pipe surface area (m2), r – radius of pipe (m), J – coeﬃcient
of a ﬁtting, L – length of pipe, NTUf denotes average out-
put turbidity in ﬁrst peak, C – the stored turbidity, calculated
from layer shear strength τ0 (NTUm3).
2.6 Calculations of particle mass
The mass (kg) of particles in a ﬁtting was calculated using a
following equation:
M = Σ(Q×t×Turb×TSS/106) (7)
where t is time (in seconds), Q – ﬂow rate (ls−1), Turb –
the turbidity data from the online photometer (NTU), TSS –
the total suspended solids which was assumed as a constant
(77.3mgl−1) for all the calculations (Boxall et al., 2003)
where a wide range of samples obtained from diﬀerent drink-
ing water networks were analyzed.
In the Eq. (7) all the turbidity online measurements were
summed up and each of the turbidity readings was converted
to mass, using the above mentioned TSS constant, allowing
the total mass of the ﬂushing event to be calculated. It was
assumed that the ﬂushing plug ﬂow velocity was equal to the
ﬂow velocity. Thus, by logging online discharge data, time
from the start of the ﬂushing event and knowing the diam-
eters of the pipes located downstream from the ﬂow veloc-
ity and thus past distances downstream from the pipe being
ﬂushed were calculated. As reported earlier, close similari-
ties between online turbidity measurements peaks and down-
stream ﬁtting were detected (Rubulis and Neilands, 2010).
3 Results and discussion
3.1 Field experiments
More than 67 isolated sections were ﬂushed using UDF to
collect turbidity data from washed-out particles. Both sec-
tions of CI, PVC and PE pipes were examined. The pipe
diameters ranged from 100 to 300mm. The discharge from
the hydrant was maintained constant to ensure constant shear
stress on particles; therefore, the possible ﬂuctuations in hy-
draulic conditions could take place only due to the changes
in water production/consumption ratio. In Table 3 all data
corresponding only to ﬂushed sections with T-piece are sum-
marized, since this type of ﬁtting has most often been repre-
sented, instead of the bends of 30◦, 60◦, 90◦, but those data
were too few to make some valid approximation trends.
The total mass of washed out particles from T-pieces in
this study ranged from 0.05 to 0.29kg. This mass was cal-
culated by taking into account the relationship between tur-
bidity and total suspended solids from studies of Boxall et
al. (2003). The quantities of particles in our study were
higher compared to the data from literature. The mass of
about 0.0001–0.04gm−1 was found to be present in four
diﬀerent Canadian networks (Carriere et al., 2005). The
quantity of particles described by the other authors was
even smaller: 0.00008gm−1 (Jonas and Murphy, 2002) and
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Table 3. Description of T-pieces.
Case study Vdaymax τdaymax Vﬂush τﬂush Junction J Mass in V/D Pipe Pipe length
(ms−1) (Nm−2) (ms−1) (Nm−2) type (mm) (–) junct. (kg) (–) material (m)
1 0.21 0.15 0.43 0.59 T-piece DN 200/100 1.87 0.24 1.05 Cast iron 457
2 0.24 0.21 1.7 7.55 T-piece DN 200/100 2.96 0.2 1.2 Cast iron 253
3 0.02 0.002 1.52 6.4 T-piece DN 200/100 8.02 0.05 0.1 Cast iron 240
4 0.39 0.22 0.37 0.45 T-piece DN 250/250 2.23 0.2 1.56 Cast iron 300
5 0.02 0.002 2.14 11.96 T-piece DN 200/100 3.4 0.11 0.1 PE 159
6 0.23 0.19 0.67 1.33 T-piece DN 150/100 1.53 0.25 1.53 Cast iron 75
7 0.27 0.24 0.39 0.47 T-piece DN 250/100 1.86 0.15 1.08 Cast iron 170
8 0.02 0.002 0.77 1.72 T-piece DN 200/100 3.94 0.18 0.1 Cast iron 295
9 0.27 0.24 1.13 3.6 T-piece DN 250/150 5.6 0.17 1.08 Cast iron 204
10.1 0.21 0.15 0.46 0.62 T-piece DN 250/200 1.4 0.29 0.84 Cast iron 745
10.2 0.21 0.15 0.46 0.62 T-piece DN 150/150 2.75 0.22 1.4 Cast iron 400
11.1 0.21 0.15 0.52 0.81 T-piece DN 250/200 1.53 0.2 0.84 Cast iron 745
11.2 0.21 0.15 0.52 0.81 T-piece DN 150/150 1.52 0.2 1.4 Cast iron 400
12 0.02 0.002 1.39 5.01 T-piece DN 150/150 2.7 0.17 0.133 Cast iron 245
13 0.04 0.004 1.5 5.97 T-piece DN 100/100 1.16 0.14 0.4 PE 360
14 0.25 0.22 0.54 0.86 T-piece DN 200/100 3.35 0.15 1.25 Cast iron 170
0.026gm−1 (Delanoue and McMath, 1997). The conclusion
in this study was that neither ﬂushing (0.37–2.14ms−1) nor
daily maximum velocity (0.02–0.39ms−1) correlated with
the washout mass of the particles. It should be noted that a
similar conclusion about ﬂushing velocity (0.65–2.3ms−1)
and washed out mass of particles has previously been ob-
served (Carriere et al., 2005). Analyses of the impact of daily
maximum velocity on washed out mass of particles normally
shouldbedonebyapplyingacarefulhydraulicanalysisusing
a “bottom-up” demand allocation principle, e.g. SIDMEUM
(Blokker et al., 2008), rather than the “top-down” approach
used in this study.
In the previous studies, the concentration of particles (or
water turbidity) in distribution networks were studied de-
pending on (1) source water quality and treatment process.
Unﬁltered systems have the greatest mass of solids com-
pared to those applying ﬁltration, with the mass decreasing
based on source water and level of treatment (Ryan et al.,
2008; Vreeburg et al., 2008); (2) the distance in the network,
namely the increase of the particle concentration towards the
mains dead ends (Gauthier et al., 2001, Matsui et al., 2007);
the amount of deposits does not compulsorily increase at the
end of pipe mains. If there are no suspended particles trans-
ported to the end of a pipe, which may settle, then there is
alsodepositformation;(3)thetopographywhichisindirectly
conﬁrmed by the number of customer complaints about wa-
ter quality in undulating terrains compared to those in ﬂat ter-
rains (Polychronopolous et al., 2003); (4) diameter of pipes
where increased particle concentration in trunk mains, which
in the network acts as sedimentation tanks, has been previ-
ously shown (Husband et al., 2010; Saldarriaga et al., 2010).
(5) An incontrovertible factor that aﬀects the concentration
of particles is the maximum daily velocity, which can be re-
lated to particles by applying “bottom-up” demand model-
ing, has been described earlier (Blokker et al., 2008). The
same opinion is postulated in the cohesive transport model-
ing approach called PODDS (Boxall et al., 2001; Boxall and
Saul, 2005; Husband and Boxall, 2010) which predicts that
the particle deposits on pipe walls are conditioned by shear
stress.
This conclusion is not fully consistent with the approach
postulated in the PODDS since it may indicate that the par-
ticles will not accumulate in an annular manner. In this
study, the asymmetrical accumulation of particles within
the ﬁttings was found, which is consistent with the scien-
tiﬁc studies performed in other areas of research (Fokker
et al., 2003). The ﬂow structure and, speciﬁcally, vortex
pairs formed downstream of the 90◦ bend have been investi-
gated in both micro-channel systems, e.g. 0.209mm (Xiong
and Chung, 2008), and pipe systems with diameters typical
for drinking water mains, e.g. 150mm (Peters and Ruppel,
2004). It should be noted that in both cases, the velocity
was signiﬁcantly higher than that found in drinking water
networks, respectively 0.55–8.23ms−1 (Xiong and Chung,
2008) and 8.3–31.1ms−1 (Peters and Ruppel, 2004), and in
both cases a fully developed vortex formed while circular
motion (outer/inner wall vortex after ﬁttings) started to de-
velop already at lower velocities which correspond to the
conditions in drinking water systems. Some tracer studies
have reported an incomplete mixing at the pipe ﬁttings (e.g.
cross and double T-piece) in water ﬂow, and simulations
with computational ﬂuid dynamic (CFD) models at veloci-
ties (0.35–1.4ms−1) have shown ﬂow trajectories and pos-
sible vortex zones suitable for accumulation of particles af-
ter ﬁttings (Ho et al., 2006; Webb and van Bloemen Waan-
ders, 2006). Guided by the concept of particle rotational
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Figure 5. Turbidity potential of accumulated particles (J) in T-
piece versus hydraulic conditions.
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Figure 6. The section of CI pipe layout for site 1 (see Fig. 1). The
locations of hydrant and ﬁttings are indicated. The T-piece with re-
duction on right and left, respectively, to 100mm is indicated under
No. 1 and 2. The diameters of pipe segment in mm is shown in
brackets.
trajectories in drinking water networks generated by iner-
tia: the Magnus and the Saﬀman forces (van Thienen et al.,
2011b), the development of radial processes in ﬁttings in-
stead of gravitational settling can be expected.
To generalize the observations from ﬁeld experiments and
to compare results of the erosion of accumulated particles
in diﬀerent T-pieces, the relationship between the maximum
and average turbidity value from each speciﬁc section was
calculated (J coeﬃcient), which characterized the poten-
tial of the accumulated particles. The hydraulic conditions
in speciﬁc T-piece were expressed in the relationship V/D
(maximal velocity per hour in typical day and diameter of
inlet section of T-piece) as non-dimensional parameter.
With the increase of the maximum velocity per hour in
the same ﬁtting, the accumulated concentration of particles
will decrease (Fig. 5). This relationship obtained from ﬁeld
experiments will supplement the knowledge presented in the
PODDS model (Boxall et al., 2001).
V/D reaches “self-cleaning” proportion, which is approx-
imately 0.35ms−1 (Blokker et al., 2010); theoretically, after
that J continues in a linear line with a value of 1. The same
function can be obtained for other types of ﬁttings.
Figure 7. Turbidity curve for ﬂushing site 1.
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Figure 8. The section of CI pipe layout with two 90◦ bends. The
diameters in mm are shown in brackets.
3.2 Modeling of particle erosion
In order to model particle erosion from ﬁeld experiments
where network sections with T-pieces were ﬂushed, an al-
gorithm was added to the PODDS and the modeling results
were compared with the original PODDS parameters. This
improved modeling approach allows us to divide the mod-
eled straight pipe sections in segments between the ﬁttings
and application of the coeﬃcient for the potential particle ac-
cumulation (J) in every step. The ﬁrst site presented here had
a typical straight section of CI transport main with a nomi-
nal diameter of 200mm and two T-pieces for connections
(Fig. 6). The location of this site is shown in Fig. 1 and other
parameters which describe this site are shown in Table 3 as
Case Study No. 1.
Figure 7 shows the temporal turbidity response within
ﬂushing, reaching two peaks: 110 and 68NTU. Measured
particle erosion was compared with the simulations of
PODDS, which replicates only the rise and exponential de-
cay of ﬁrst peak of turbidity within the ﬁrst 200s of ﬂushing.
Introduction of the coeﬃcient J into PODDS and dividing
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Figure 9. Turbidity curve for ﬂushing site 2 containing two 90◦
bends.
the simulated section in two segments allowed us to gain two
peaks which approximately repeat measured data.
The second ﬂushing site was chosen since it had two 90◦
bends which are infrequently found in drinking water sys-
tems, unlike T-pieces (Fig. 8). The ﬂushed section was 718m
long and consisted of sections of 200 and 300mm. The ve-
locity obtained during ﬂushing reached 0.57 and 0.87ms−1,
respectively.
The online turbidity results are shown in Fig. 9 which
shows two visible turbidity peaks. The simulation results
with PODDS and with PODDS supplemented with the co-
eﬃcient J are also shown here. Both simulation results only
partially follow the magnitude of the ﬁrst peak and display
a much steeper decrease in turbidity compared to the mea-
sured values. The upgraded model, having coeﬃcient J, is
in a better agreement with online data compared to the orig-
inal PODDS. The repeatability of accumulation of particles
in ﬁttings was proven with UDF in one CI pipe section of
1358m length with 200/300mm diameter two times within a
5-month period, showing same pattern of turbidity (Rubulis
and Neilands, 2010).
Due to the non-disclosure agreement, the authors of the
PODDS do not present the values of model parameters (k,
b, P and n). Thus, in this study these were estimated using
a trial and error approach. Some authors have attempted to
replicate the erosion of particles using the PODDS approach
and have used the following parameter values Cmax = 10,
k = −0.15, b = 1, P = 0.0000065 and n = 2.5 (Aisopou et
al., 2010) and Cmax = 5.0, k = −1.5, b = −2.5, P = 0.0065,
n = −3.5 (Naser, 2006). By using the parameter values from
Aisopou et al. (2010) and Naser (2006) in our case studies,
the modeled results diﬀered signiﬁcantly. These results indi-
cate that the parameters are site speciﬁc and therefore cannot
be generalized.
Various aspects need to be improved in prediction and
measurement of particle accumulation/erosion: the optical
tomography presented by van Thienen et al. (2011b) can be
one of the instruments; RPM could be updated based on the
ﬁtting quantity in a particular pipe section. Future work in
this ﬁeld should concentrate upon gaining a greater under-
standing of the development and formation of vortex or cen-
trifugal forces in pipe ﬁttings of drinking water distribution
networks.
4 Conclusions
Measurements of turbidity, ﬂow during UDF and analysis of
pipe geometry showed signiﬁcance of accumulation of parti-
cles in pipe ﬁttings. Turbidity potential of accumulated par-
ticles (J) was determined for T-pieces of several sizes from
DN100/100–DN250/250 for CI and PE pipes. The existing
turbidity model PODDS was updated with an additional term
forpipeﬁttings–(J).Thetotalmassofparticlesaccumulated
in T-pieces ranged from 0.05 to 0.29kg. The study showed
that pipe ﬁttings (T-pieces, valves, bends etc.) act as catch-
ment areas for particle accumulation in drinking water net-
works.
Appendix A
Notation
As pipe surface area (m2)
C stored turbidity, calculated from layer
shear strength
∆Cc changes in turbidity potential (NTUm2 s−1)
D diameter of pipe (m)
f a dimensionless coeﬃcient called
the Darcy friction factor
g gravity acceleration (ms−2)
∆H the head loss due to friction (mH2O)
J coeﬃcient of a ﬁtting/turbidity potential
of accumulated particles
L the length of the pipe (m)
M mass of particles (kg)
∆N in/decrease of turbidity (NTU)
Q ﬂow rate (m3 s−1 or ls−1)
r radius of pipe (m)
R rate of supply (NTUm−2)
t time (s)
TSS total suspended solids (mgl−1)
V the average velocity of the ﬂuid ﬂow (ms−1)
τ boundary shear stress (Nm−2 m−1)
ρ density of water (kgm−3)
π a mathematical constant
approx. equal to 3.14
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